I. Monosynaptic y-aminobutyric acid-A (GABA,)-mediated inhibitory postsynaptic currents ( IPSCs) were evoked in CA 1 pyramidal neurons in the hippocampal slice preparation by direct stimulation of the interneurons in the presence of glutamatergic blockers and intracellular QX-3 14 to block GABA,-mediated postsynaptic inhibition.
INTRODUCTION
I. Monosynaptic y-aminobutyric acid-A (GABA,)-mediated inhibitory postsynaptic currents ( IPSCs) were evoked in CA 1 pyramidal neurons in the hippocampal slice preparation by direct stimulation of the interneurons in the presence of glutamatergic blockers and intracellular QX-3 14 to block GABA,-mediated postsynaptic inhibition.
2. Paired-pulse stimulation was used to activate presynaptic GABA, autoreceptors and thereby reduce the amount of transmitter release. This caused paired-pulse depression, persisting for >3 s, and maximal at interpulse intervals between 100 and 250 ms where peak current (&,,) was decreased by 29.7% and decay time (tl,,) was decreased by 44.7%. There was clear correlation between changes in Ipeak and zIl, at all interpulse intervals.
3. With paired-pulse stimulation, the decay of the second IPSC in most cells ( 12/ 18) could be resolved into two components, Ifast and Islow each decaying monoexponentially with Tfast = 14.10 ms and 7s10w = 58.87 ms. The faster decay during paired-pulse depression was predominantly caused by a larger Ifast fraction, which accounted for 27.5% of Ipeak in a single control IPSC and 79.3% at an interpulse interval of 250 ms.
4. Reducing the probability for transmitter release at all active sites by reducing [Ca2'], from 2 mM to 1 mM decreased Jpeak by 49.7%, reduced paired-pulse depression, and partly mimicked the changes in decay kinetics seen after activation of presynaptic GABA, receptors. Lowering the stimulating intensity to 10% of the maximal value decreased Ipeak by 73.8%, but hardly affected the decay of the IPSC and the paired-pulse depression.
y-aminobutyric acid (GABA) is the most widespread inhibitory transmitter in the CNS (Sivilotti and Nistri 1990) . It activates two classes of receptors: the GABA, receptor (reviewed by Silviotti and Nistri 1990), which mediates fast postsynaptic inhibition, and the GABA, receptor (reviewed by Bowery 1993), which mediates slow postsynaptic inhibition and presynaptic reduction in transmitter release. The GABA, receptor is coupled directly to a Cl --conducting ionophore, and the complex is thought to have at least two open states with one and two molecules of agonist bound to the receptor, respectively, each with a monoexponentially decaying distribution of average opening times (Busch and Sakmann 1990; Macdonald et al. 1989 ). The GABA, receptor / ionophore consists of five polypeptide subunits, which also contain allosteric modulation sites. Variations in the composition of the subunits confer functional differences on the complex (Puia et al. 1994; Schiinrock and Bormann 1993) .
5. Application of the selective blocker of GABA uptake, tiagabine ( 20-50 PM), increased tll, of a single IPSC by 114% without affecting Ipeak. The increase was caused solely by an increase in 7 slow of 14 1%. On the other hand, the benzodiazepine agonist midazolam (2 PM), selectively increased crfast. It therefore is suggested that rfast reflects the kinetics of the GABA, receptor/ionophore complex and crslow the efficiency of the GABA uptake system.
6. The findings show that GABA activates postsynaptic receptors throughout the tail of a single IPSC. This could be caused by reactivation of synaptic receptors or activation of extrasynaptic receptors. The decay therefore is limited mainly by the efficiency of the uptake system. An IPSC that is maximally depressed by paired-pulse stimulation is mediated primarily by a single activation of synaptic receptors, and the decay is limited mainly by the kinetics of the GABA, receptor/ionophore complex. 7. The results for a single IPSC are not in accordance with a model for synaptic activation where each synapse releases a single vesicle in an all-or-none fashion and GABA disappears quickly from the synaptic cleft. It is suggested that there are multiple active release sites in each synapse and/or that GABA can activate receptors extrasynaptically or in neighboring synapses. The consequences of the results for the proposed models of synaptic transmission are discussed.
There is some debate as to what determines the decay of GABA,-mediated inhibitory postsynaptic currents ( IPSCs) in the hippocampus. After release, GABA is removed from the synapse by a combination of diffusion and active transport by a Na+-dependent carrier located on neurons and glia cells (Amara and Kuhar 1993; Amara and Pacholczyk 199 1) . On the basis of studies with various GABA uptake blockers, one line of authors concludes that GABA is present at suprathreshold concentrations during the larger part of a stimulus-evoked IPSC and that the decay of the IPSC is, at least partly, limited by the time constant of diffusion and the efficiency of the GABA uptake system (Capek and Esplin 1993; Dingledine and Korn 1985; Isaacson et al. 1993; Rekling et al. 1990; Roepstorff and Lambert 1992b; Thompson and Gtihwiler 1992a) . In none of these studies were the decays analyzed very thoroughly, but blocking the uptake of GABA with nipecotic acid decreased the peak and prolonged the late phase of the decay (Dingledine and Korn 1985; Roepstorff and Lambert 1992b) . Studies with the more potent blocker of GABA uptake, tiagabine, which is not a substrate for the carrier (Braestrup et al. 1990) , showed a substantial prolongation of the decay time, which was apparent immediately after the peak of the IPSC (Rekling et al. 1990; Roepstorff and Lambert 1992b; Thompson and Gahwiler 1992a) . A number of studies of spontaneous IPSCs in granule cells (Otis and Mody 1992a) , cultured hippocampal neurons (Segal and Barker 1984b; Thompson and Gahwiler 1992a) , and hippocampal CA 1 pyramidal cells (Collingridge et al. 1984; Pearce 1993) predominantly monoexponential decay with a time constant similar to that described for the GABA ionophore (4-20 ms) (Macdonald et al. 1989; Segal and Barker 1984a) . The rate-limiting step of the decay thus was ascribed to the kinetic properties of the GABA receptor/ ionophore complex. In some studies of spontaneous IPSCs (Collingridge et al. 1984; Otis and Mody 1992a; Puia et al. 1994 ) and the few studies of stimulus-evoked IPSCs from slice preparations where the decay has been studied thoroughly (Edwards et al. 1990; Pearce 1993) , a combination of mono-and double exponentially decaying IPSCs were found. This was explained by either the activation of different receptor subtypes (Edwards et al. 1990; Otis and Mody 1992a; Pearce 1993; Puia et al. 1994) or by a mixture of single-and double-ligand bound receptors (Busch and Sakmann 1990; Otis and Mody 1992a).
The classical model for neurotransmitter release is derived from studies of the neuromuscular junction, where every end plate has many active sites, each releasing quantal amounts of transmitter in a Ca2+-dependent manner. Influx of Ca2+ into the presynaptic nerve terminal increases the probability for release, and this leads to an almost synchronous release at several sites (Stevens 1993) . There is some evidence to suggest that this model cannot account fully for processes at synapses in the CNS (Busch and Sakmann 1990; Korn and Faber 199 1; Stevens 1993) . On the basis of quanta1 analysis of GABA, receptor-mediated synaptic transmission in the dentate gyrus (Edwards et al. 1990) , Busch and Sakmann ( 1990) suggested that a single synapse contains one active site that operates in an all-ornone fashion. The size of the quanta1 event therefore is determined by the number of available postsynaptic GABA receptors opposite a release site, whereas its duration depends on the kinetics of GABA's interaction with the receptor. However, it has also been suggested that a single synapse can contain several active sites each operating in an all-or-none fashion (Korn and Faber 199 1; Korn et al. 1993; Tong and Jahr 1994) . In this "multiple quanta1 release model" the amount of transmitter released from a given synapse after a stimulation depends on the conditions.
In Busch and Sakmann's model, the concentration of GABA after release falls so quickly that no reactivation of subsynaptic receptors or activation of extrasynaptic receptors occurs. With synchronous activation of a large population of interneurons, it is, however, possible that the action of GABA is not confined to the activated synapses. Thus it recently has been proposed that uptake is of minor importance in spontaneous and small stimulus-evoked IPSCs, whereas a synchronized recruitment of a large number of GABA synapses leads to overspill of GABA that can activate extrasynaptic receptors ( Isaacson et al. 1993 ) . Uptake might play a major role in terminating such a diffuse action of GABA (Isaacson et al. 1993) .
It generally is accepted that paired-pulse depression of IPSCs is caused by an activation of presynaptic GABA, autoreceptors (Davies et al. 1990; Nathan and Lambert 199 1; Nathan et al. 1990b; Otis et al. 1993) . This reduces the amount of transmitter released in response to subsequent stimulations. Although the mechanism whereby the autoreceptors reduce transmitter release is still not resolved, it generally is accepted that there is a reduction in the influx of Ca2+ into the presynaptic terminal after an action potential ( Bowery 1993) . It is, however, not clear whether this reduction is caused by a direct interaction between GABA, receptors and voltage-gated Ca2+ channels (Lambert and Wilson 1993b; Mintz and Bean 1993; Pfrieger et al. 1994; Scholz and Miller 199 1) or is an indirect effect due to the hyperpolarization mediated by a GA-BA,-activated g,+ (Thompson  and Gahwiler 1992b; Thompson et al. 1992) or by a facilitation of voltage-dependent K+ channels involved in action potential repolarization (Saint et al. 1990) . It also appears that some GABAergic neurons lack GABA, autoreceptors altogether (Lambert and Wilson 1993a; Pearce 1993) .
Depending on how a single synapse works, the activation of presynaptic GABA, receptors will have different consequences. If each synapse operates all or nothing, reducing the influx of Ca2+ diminishes the probability of vesicle release at a given synapse without changing the size of the quanta1 event when it occurs. In the case of multiple vesicular release, a reduction in the influx of Ca2+ would reduce the probability for release in a single active zone, but the overall effect on the whole synapse would be a graded reduction in the amount of transmitter released. Depending on the localization and density of the postsynaptic receptors, this also could lead to a reduction in the resulting IPSC.
To study the mechanisms underlying GABAergic transmission in the hippocampal slice, we have examined the decay kinetics of the IPSC in detail. Paired-pulse stimulation, changes in stimulus intensity and reducing [Ca2'], have been used to manipulate transmitter release, whereas the GABA uptake blocker, tiagabine, was used to examine the consequences of prolonging the time that GABA remains in the tissue.
METHODS

Hippocampal
slices were prepared from the brains of 24 male Wistar rats ( 150-190 g ). After anesthetizing with chloroform, the rat was decapitated, the brain removed, and 400~pm-thick slices were cut with a McIllwain chopper. The slices were transferred to the recording chamber, where they were placed on a nylon-mesh grid at the interface between warm (32-34°C) oxygenated standard Ringer containing (in mM): 124 NaCl, 3.25 KCI, 1.25 NaH, PO, , 20 NaHCO, , 2 CaCl, , 2 MgCl, , pH, 7. 3) and warm humidified carbogen gas (95% 02-5% CO,). Perfusion flow rate was 1.4 ml/min.
Recording ofthe IPSCs .
Conventional glass microelectrodes ( 1.5 mm OD, Clark Electromedical) filled with 4 M KAc containing 50 mM QX 3 14 (resistances 35-90 MQ) were used for intracellular recordings. QX 3 14, which blocks the Na+ spike (Flatman et al. 1982 ) and the GABA, slow IPSP, but not the GABA, fast IPSP (Nathan et al. 1990a) , was injected into the cell by the application of cathodal current pulses (typically 0.3 nA, 300 ms, 0.5 Hz). An Axoclamp 2A amplifier in the single-electrode voltage-clamp (SEVC) mode was used to record the IPSCs. The sampling frequency was 7.5 kHz (range 5-9 kHz), at a gain of 0.75-2.5. The recording was "blanked" for 0.2-0.5 ms during afferent stimulation.
Monosynaptic GABA,-mediated transmission was isolated as previously described (Nathan and Lambert 199 1). Briefly bipolar, glass-insulated platinum wire (50 pm) electrodes were used for stimulation. These electrodes were placed in str. radiatum of area CA2 (distal) to stimulate the Schaffer collateral-commissural pathway, or in the middle of stratum (str.) radiatum near the impaled neuron (proximal) for direct stimulation of the GABAergic interneurons.
The criterion for accepting a slice and starting a recording session was that orthodromic stimulation with the distal electrode could evoke a single population spike in str. pyramidale with an amplitude >5 mV. After impalement, only cells with a resting membrane potential (E,) of at least -55 mV and a membrane input resistance (R,,) of at least 20 MQ were accepted. The IPSC then was isolated by perfusion with the glutamatergic blockers 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 PM ) and DL-2-amino-5-phosphonovaleric acid ( DL-APV, 50 PM), after which only proximal stimulation (0.1 ms, 0.05 Hz) was used. Unless otherwise noted, IPSCs were evoked by maximal stimulating intensity ( -500 PA), which was -10 times the intensity required for a threshold response. The IPSC evoked by a single stimulation was used as a control for comparison with IPSCs evoked by paired-pulse stimulation at standard interpulse intervals of 25, 40, 60, 100, 150, 250, 500 , and 750 ms and 1, 2, and 3 s. In the text, these times are denoted as suffixes (e.g., IPSC,,,,,).
Recordings were digitized on a modified digital audio processor (Lamb 1985) and stored on a conventional video recorder. Offline analysis was performed with a Nicolet digital oscilloscope (model 4094C) and a 486 IBM-compatible computer. Three to five traces were averaged at each interpulse interval.
Analysis oj'decay kinetics
Analysis of decay kinetics of the IPSCs was performed using a software combination of Famos and Grafit running within a PubTech batchwork shell developed by ourselves. The fitting method was a Levenberg-Marquardt nonlinear least square fit. Briefly, the IPSCs were digitized at a frequency of 1 kHz and the duration for analysis was manually set to between 180 and 250 ms after the peak outward current for IPSCs in normal medium and -300 ms after the peak in the presence of tiagabine. The decays were fitted from peak of the IPSC to the equation 1(t) = Ifast x exp( -t/Tfast) + I slow x exP( -tl7slow ) + offset. The offset was included to compensate for the holding current required to maintain l& at -50 mV in the absence of stimulation. For each IPSC, a plot of the decay and the fitted line were printed, the quality of the fit inspected visually and rejected if the fit was obviously wrong. The values of rfast, lslow, 7fast') and 7slow
were analyzed and the fit also was rejected if any of the parameters (apart from offset) were negative, or the 7 values were highly unlikely ( Tfast < 3 ms, 7Tslow > 150 ms in control medium), or the SE of any of the variables as computed by Grafit was > 10-l 5%. A new fit was then attempted using small changes in the initial values. If either Ifast or Islow was very small ( -10% of Ipeak) or if 7fast and 7Tslow
were very similar (difference less than 20%), a monoexponential fit to the equation 1(t) = I, X exp( -t/7) + offset, was made. The plot and parameters were analyzed with the same criteria as described for the double exponential fit. The mono-and double-exponential fits then were compared and the decay was classified as monoexponential if either visual inspection showed that the double-exponential equation did not give a visibly better fit, and/or the x2 value for the monoexponential fit was smaller or not more than 10% larger than x2 value for the doubleexponential fit. Figure 4 shows an example of the procedure for the analysis of the decaying phase of the IPSCs. In the first instance, both IPSCs were fitted by a monoexponential (solid line).
Parameters for the first IPSC were Ipeak = 3.005 t 0.004 nA (mean _t SE), 7 = 44.84 t 0.20 ms, offset = 0.448 t 0.00 1 nA. The fit yielded a reduced x 2 of 3.13 X 10e3. The parameters for the second IPSC were Ipeak = 2.080 t 0.008 nA, 7 = 20.0 t 0.12 ms, offset = 0.050 t 0.002 nA. The fit yielded a reduced x2 of 8.05 X 10e3. On the semilog plot in Fig. 4B , the stippled lines show the monoexponential fits from A, whereas the solid lines show the fit obtained with a double exponential. The values for the first IPSC were: Ifast = 1.005 t 0.185 nA, Tfast = 36.76 t 1.22 ms, I slow = 2.0 12 t 0.185 nA, crslow = 49.02 t 0.72 ms. The reduced x2 was 3.03 X 10p4, which is a reduction of only 3.2% compared with the monoexponential fit, and shows that the decay can be adequately described by a monoexponential.
The second IPSC was fitted with the data Ifast = 1.3 16 t 0.134 nA, Tfast = 14.01 t 1.04 ms, Llow = 0.8 19 & 0.135 nA; crslow = 30.48 t 1.48 ms. The reduced x2 was 4.36 X 10e4, which is a reduction of 45.8% compared with the monoexponential fit, illustrating that the double-exponential fit shall be used in this case.
Drugs were added at known concentrations to the perfusing medium. CNQX and midazolam were gifts from Tage Honor-e and tiagabine from Peter Suzdak (Nova Nordisk, Bagsvserd, Denmark). QX 3 14 was a gift from Astra Pharmaceuticals (Sodertalje, Sweden). APV was purchased from Tocris.
All values for averaged results are given as means t SE and compared using Student's t-test (paired and unpaired).
RESULTS
The results obtained in this study were obtained from 30 neurons, which fulfilled the criteria given in METHODS.
Paired-pulse depression of the IPSC and its quantification .
Paired-pulse stimulation of the local inhibitory interneurons at an interpulse interval of 200 ms evoked two IPSCs, the second of which was depressed markedly both in terms of amplitude (Fig. 1 B) and duration ( Fig. 1 C) . This depression was investigated as a function of interpulse interval. Because the first IPSC takes up to 200 ms to return to baseline (Fig. 1 ) , a second IPSC evoked at interpulse intervals shorter than this will occur on the residual tail of the first, with which it summates. Bearing in mind that we wanted to obtain data that are related directly to the amount of GABA released by the second stimulation, the question arises as to how this response should be quantified.
Quantification of the second IPSC with respect to the baseline ( Fig. 2 , A-C) describes the total inhibition (IPSC,,,) to which the neuron is subjected during the second stimulation. At short interpulse intervals (< 150 ms), IPSC,,, is a summation of the currents evoked by the GABA remaining from the first stimulation and the GABA released by the second stimulation. Algebraic subtraction of the tail of a single IPSC, isolates the net contribution of the second stimulation to the overall inhibition (IPSC,,,) . If the GABA released by the second stimulation activates receptors that are no longer affected by the first release of GABA, either because they represent another population of receptors or because GABA has disappeared already, IPSC,,, would be related directly to the amount of GABA released by the second stimulation. If, however, the GABA released by the first stimulation directly or indirectly affects intervals, the results indicate that there must be an interacthe access to or properties of the receptors, there will not be tion between the GABA released by the first and the second a simple relationship between IPSC,,, and the amount of stimulation at short interpulse intervals. Thus the decay of GABA released by the second stimulation. To gain insight IPSC,,, is related to the currents already activated and, alinto the prevailing mechanisms, we investigated the interthough IPSC,,, is an intuitively logical way of isolating the pulse dependency of IPSC,,, and IPSC,,,.
current evoked by the second stimulation, it bears no simFor IPSC,,,, there was at all interpulse intervals a clear ple relationship to the amount of GABA released. We therecorrelation between changes in peak current ( Ipeak) and de-fore decided to quantify IPSC,,, in the rest of this work. cay time (tl,J relative to a single IPSC (Fig. 2H) . IPSC,,,s interpulse interval. The changes relative to a single (conwere similar in amplitude, but their decay times were very different and depended on the position on the tail of the first IPSC (Fig. 2 , E and F). For nonoverlapping IPSCs (inter-pulse intervals > 150 ms), IPSC,,, was, of course, identical to IPSC,,, and showed a clear correlation between Ipeak and tll, (Fig. 21) . If IPSC,,, only reflects the amount of GABA released, two different mechanisms must underlie the decay of the IPSC: one acting at short (< 150 ms) intervals where similar sized IPSC,,,s decay very differently; the trol) stimulation were computed for each neuron individually before averaging. The absolute values of Ipeak and tll, showed a similar relationship, though with a greater spread (data not shown). At all inter-pulse intervals, the changes in I peak and tll, were qualitatively very similar, though the changes in tll, were relatively larger ( Fig. 1 E) . Quantifications of the second IPSC at three representative interpulse intervals are shown in Table 1 . At 25 ms, where the second IPSC is evoked on the decaying phase of the first, there was a highly significant facilitation of Ii,& and tll,. At intervals between 150 and 250 ms, where the first IPSC has returned other acting at longer intervals where there is a clear correlation between the amplitude and the decay. Because this seems unlikely and, moreover, there was a clear correlation to baseline, the depression of the second IPSC was maximal between peak and decay time for IPSC,,, at all interpulse (by 29.7% in Ipeak and 44.7% in tllZ) (Fig. 1 D) . At 3 s, the H and I: derived from the data in G and show the interpulse relationship between changes in Ipeak and 17~. H and I show data for IPSC,,, measured with respect to the baseline ( n ), whereas I additionally shows data for IPSC,,, at interpulse intervals of 25-250 ms ( q ), where there is temporal summation.
Traces in A-F from a single neuron with resting E, -60 mV; Ri" 32 ML?, and I',, -50 mV.
mean amplitude has almost returned to the control level Input-output relationship (depressed by 7%), whereas the half-width was still significantly smaller (by 17%) than the control response.
To investigate whether the kinetics of the IPSC also were The rate-of-rise ( lo-90%) of maximally depressed IPSCs related to the absolute amplitude in other conditions, we were not significantly different from a control IPSC examined the effect of reducing the stimulus intensity. faster than the IPSC evoked by one-tenth of this intensity (Fig. 3 , A-C). Although the second IPSC evoked by maximum stimulation is more than double the amplitude of the first IPSC evoked by low stimulation, the latter decays more slowly. This difference is made more apparent after normalizing the three responses to the same peak amplitude (Fig.  3 D) . This further emphasizes that the first IPSCs evoked by high and low stimulus intensity have similar decays when account is taken for the slower time-to-peak of the latter.
Figure 3 E shows the relationship between Ipeak and tll, for varying the interpulse interval at maximum stimulation and varying the stimulus intensity for a single IPSC. A lofold reduction in stimulus intensity reduced the Ipeak of the IPSC by -8O%, whereas tl,, was only reduced by -5%. On the other hand, the amplitude of IPSC200ms evoked by maximal stimulation was reduced by -3O%, whereas tl,, was reduced by 65%. Qualitatively similar results were obtained in seven other neurons examined where Ipeak was reduced by 73.8 t 7.4% at 10% of maximal stimulus intensity (data not shown). Thus reducing the peak amplitude of the IPSC by decreasing the stimulus intensity (Fig. 3) does not bring about the same changes in decay time as reducing the peak amplitude by paired-pulse stimulation (Figs. 1 E and 2H).
Lowering the stimulus intensity did not change the maximal paired-pulse depression significantly ( li,eak reduced by 3 1.1 t 13.6% with maximal stimulation and 3 1.4 t 12.7% at 10% of maximal stimulation, P > 0.4)
Exponential analysis ofthe decays of U?!Ks .
To gain insight into the mechanism(s) underlying the decay of the IPSC, we analyzed the decay kinetics. Experiments were performed in control medium, in low [Ca2'], medium and in the presence of the GABA uptake inhibitor, tiagabine. Visual inspection of several hundred IPSCs showed that all could be well fitted by either a mono-or a (see METHODS) show that the first IPSC is adequately described by the monoexponential. whereas the second IPSC is best described by a double exponential, with time constants Tfasl = 14.0 I ms and 7Ts10W neuron with resting L;,, -60 mV; Ri", 32 M12; I& -50 mV.
= 30.48 ms. Records from a single double exponential. Further details of the fitting procedure are described in METHODS and an example of the fitting routine is shown in Fig. 4 .
Paired-pulse evoked IPSCs
Detailed analysis was performed on IPSCs evoked by paired-pulse stimulation from 18 neurons. In more than half of these ( 11) the decay of a single IPSC was best described by a single exponential. In the remaining seven neurons, a single IPSC was best fitted by a double exponential. In 7 of the 16 neurons where an interpulse interval of 250 ms was used, the second IPSC decayed monoexponentially. In the remaining nine neurons, the decay of the second IPSC was fitted best by a double exponential. It was, however, not the same neurons in which the first and second IPSCs decayed monoexponentially.
On the basis of this and other analyses, it was decided to divide the 18 neurons into two groups. In one group the decays of both the first and the second IPSCs were fitted by a monoexponential at all interpulse intervals (6 neurons). In the second group, at least one IPSC was fitted best by a double exponential ( 12 neurons).
For single IPSCsthatwere fitted by a monoexponential, Ipeak was 3.00 t 0.6 1 nA and 7 = 38.2 t 7.1 ms. The changes in Ipeak and 7 as a function of interpulse interval were qualitatively similar to the changes in I peak and t.llz for the whole population of neurons, though the changes m 7 were numerically smaller than the average changes in tll, (compare Table 1 ). At an inter-pulse interval of 25 ms, both Ipeak and 7 were significantly increased (P < 0.05; n = 4): Ipeak by 10.0 t 2.0%, and 7 by 25.9 t 7.6%. At an interpulse interval of 250 ms (n = 6) both &,,k and 7 were decreased significantly: Ipeak by 27.3 t 6.7% (P < 0.005) and 7 by 27.7 t 8.0% (P < 0.0 1). At an interpulse interval of 3 s (n = 4), Ipeak was not significantly different from a control IPSC (decreased by 5.0 t 5.8%, P > 0.2) and 7 was decreased significantly by 9.9 t 3.3% (P < 0.05).
DOUBLEEXPONENTIALDECAYS.
The 12 neurons in which at least one of the decays was fitted best by a double exponential showed qualitatively the same inter-pulse interval dependency as the whole population (compare Fig. 5 B with Fig. 1 D) . The neurons could be further divided into three subgroups. In the first group, the second IPSC decayed with a double-exponential at all interpulse intervals (n = 4). In the second group, the IPSC,,,, decayed monoexponentially with 7 similar to crsloW (n = 6). In four of these neurones, the single IPSC also decayed monoexponentially.
In the third group, the maximally depressed IPSC was fitted by a monoexponential similar to Tfast (n = 2). This suggested that in all the neurons a balance between the fast and the slow currents was consistently shifted by paired-pulse stimulation and we therefore analyzed them as a function of interpulse interval (Fig. 5, C-F) . The average values of Tfast and 7SlOW were significantly different (P < 0.005) and both were different from 7 of the monoexponential decays (P < 0.005 ). 7Ts10w was 58.87 t 2.18 ms(n = 121). At 25 ms7,10w increased (by 16.6 t 3.7%, P < 0.005) but was otherwise fairly constant at all other interpulse intervals (Fig. 5C) and not significantly different from the control (P > 0.05 ). Tfast was 14.10 t 0.67 ms (n = 117) and shifted between two values that were significantly different (P < 0.05, Fig. 5 0) . At interpulse intervals between 60 and 150 ms, the average Tfast was 11.53 t 0.60 ms. At intervals t40 ms or >250 ms, Tfast was 15.9 t 1.07 ms. At 250 ms and 40 ms, Tfast had intermediate values.
The interpulse interval dependency of neither Tfast nor 7 slow matched the dependency of tll, (compare Fig. 5 , B with C and D). On the other hand, the fraction of the total IPSC carried by Ifast almost perfectly mirrored the changes in &k and tl,, (compare Fig. 5 E with 1 D) . For the control IPSC, the fraction of Ifast was 27.5 t 8.0%. At 25 ms, the fraction B 0.025) and the response after 250 ms (P < 0.005). The increase in the Ifast fraction was due to both an increase in the absolute size of Ifast as well as a decrease in the absolute size of Islow (Fig. 5 F) .
The interpulse interval dependency of 1sl0w showed a time course very similar to that seen for the total IPSC (compare Figs. 5 F and 1 D) . However, the amplitude of the changes of Lv was much larger, and it had not returned to control value after 3 s. Apart from IPS&,,,, all values of Zslow were significantly different from a single control IPSC. At 25 ms, &low was increased by 24.5 t 5.3% (P < O.OOOS), and at 250 ms and 3 s, decreased by 69.6 t 4.1% (P < 0.0005 ) and 3 1.3 t 3.7 (P < 0.05), respectively.
As a single IPSC often consisted of only the slow current, Ifast could not be normalized to the control IPSC. Instead, we normalized Ifast with respect to IPSC,,,,,,
where Ifast was largest. The changes in Ifast as a function of interpulse interval almost mirrored the changes in the slow current, except that the former returned somewhat slower to the control level (Fig. 5 F) . In a control IPSC, lfast was 45.8 t 12.5% of the size at 250 ms (P < 0.0001). At 3 s, rfast was 79.8 t 12.5%, which was not significantly different (P > 0.05) from a control IPSC or IPSC250ms.
Eflect of reducing [ Ca2+ lo
The activation of presynaptic GABA, receptors presumably results in a reduced action-potential-mediated inflow of Ca2+ in the presynaptic terminal. Reducing the electrochemical gradient for Ca2+ therefore would be expected to mimic the effect of paired-pulse stimulation.
We investigated this by reducing [ Ca2+], from 2 to 1 mM (n = 4).
Already after a few minutes perfusion with 1 mM [ Ca2+], there was a reduction in the Ipeak of a single IPSC. Maximal effect was achieved after 20-25 min (Fig. 6 ), when the current was reduced to 50.3 t 10.6% of the initial value (P < 0.025, Table 2 ). The amplitude of IPSC200,, was reduced to 57.9 t 11.6% (P < 0.025). The decay of a single IPSC was more rapid, and tll, was reduced to 60.6 t 8.1% (P < 0.025 ) . Surprisingly, the decaying phase of the second IPSC was little affected by 1 mM [ Ca2+], (Fig. 6 ) and there was no significant (P > 0.3) change in tl,* (Table 2) .
A single IPSC evoked in 1 mM [Ca2'], showed a larger depression in amplitude and a smaller depression in tll, than the second IPSC evoked in control medium (both compared with a single IPSC in control medium, Table 2 ). Analysis showed, however, that the faster decays in both paradigms were caused by similar mechanisms. In three of the four neurons, the decays of the paired-pulse-evoked IPSCs in control medium were best fitted by a double exponential. As described for the whole population of such neurons, the faster decay at maximal paired-pulse depression was caused by a significant increase in the fraction of rfast (from 9.0 t 9.0% to 72.9 t 3.9%, P < 0.025), whereas there were no changes in the time constants (+Q,~ decreased by 5.9 t 9.5%, P> 0.3; Tfast present in only one cell in control conditions). The faster decay of a single IPSC in 1 mM [Ca2+], also was caused by a significant increase in the fraction of Ifast (increased from 9.0 t 9 0% to 49.6 t 6.37%, P < 001 ), whereas 7,10w was unaltered (increased by 1.5 t 9.6%; P > and Zfast (squares) ( l~,ow(contro,) = 2.1 1 + 0.45 nA, I fast( 250ms) = 1.77 k 0.37 nA).
of rfast was slightly smaller, 22.3 t 7.4%, though not significantly so (P > 0.2). In one cell, the Ifast fraction was larger at 25 ms because the control IPSC decayed monoexponentially and the IPSC at 25 ms double exponentially. If this cell is excluded, the difference becomes significant (P < 0.025). As the interpulse interval increased, the fraction of Ifast increased until it was 79.3 t 3.8% at 250 ms (significantly different from control, P < 0.0005). The Ifast fraction then decreased and at 3 s, it was 52.9 t 7.8%, which was significantly different from both the control response (P < Ka" 107 &dc of the first IPSC was 2.56 nA and the decay was fitted by a monoexponential with 7 = 38.8 Ins* Ipeak of the second IPSC was 1.77 nA and the decay was best fitted by a double exponential with 7fast = 9.29 ms ( Ifast carrying 80.7% of the current) and Q,~ = 45.1 ms. After inwash of 1 mM [Ca2'10, I peak of the first IPSC was reduced by 57% and was fitted by a double exponential with Tfast = 7.77 ms ( Ifast = 50.6%) and Q,~ = 46.2 ms. Ipeak of the second IPSC was reduced by 52% and was best fitted by a double exponential with the time constants Tfast = 8.23 ms (If,,, = 67.7%) and 7s10W = 37.5 ms. Recordings from a cell with EM, -72 mV; Ri,, 40 ML!. 0.5 ). In two of the three neurons, no Ifast was present in a single IPSC in control medium, but during inwash of 1 mM [ Ca2+], medium, it gradually appeared. The remaining neuron showed a monoexponential decay with varying time constant at all interpulse intervals both in control medium and in low [ Ca2+], (data not shown). All in all, the IPSCs evoked at maximal paired-pulse depression and the IPSCs evoked in 1 mM [Ca2+], were qualitatively similar, although there were quantitative differences.
Compared with normal conditions, 1 mM [Ca"], reduced the maximal paired-pulse depression of the IPSC. This was seen as both depression in li,eak (P < 0.05) and in tll, (P < 0.025, Table 2 ). Although the overall time course of the depression was not changed (data not shown), IPSC25ms was increased to a much greater extent in 1 mM [ Ca2'], ( Ipeak by 50 t 2.4%; tl,, by 57 t 20.6%; n = 3) than in 2 mM
[ Ca2+], (Table 1 ). This might indicate that IPSC25ms already is depressed substantially in 2 mM [ Ca2'], .
Blockade of GABA uptake
We have shown previously that the GABA uptake blocker, tiagabine, increased the decay time of the isolated GABA,-mediated IPSC significantly without altering the peak amplitude (Roepstorff and Lambert 1992a). This indicates that tiagabine can be used as a tool to enhance the duration of the action of GABA after stimulus-evoked release.
In four neurons, tiagabine (20-50 PM) slowed the decay of a single IPSC significantly (+ increased by 114 t 14.6%, The first IPSC decays monoexponentially with IWak decreased by 1.8% and T increased by 122% compared with the first IPSC in control medium.
The second IPSC decays with a double exponential with Tfast decreased by 6%, and Ifast decreased by 55%; 7,10W increased by 79%, and Low increased by 137%. C2: superimposition of A, and B,. Stippled lines are the fittings for the second IPSC after treatment with tiagabine. P < 0.005) without changing the peak current (decreased by 1.5 t 1 O.O%, P > 0.5, Fig. 7 ). Exponential stripping analysis revealed that the slower decay was caused by a significant increase in 7slow by 141 t 18.9% (from 37.2 t 8.2 ms to 86.5 t 16.3 ms; P < 0.005), whereas Tfast and the Ifast fraction were unchanged. In three of the four neurons, a single IPSC decayed monoexponentially, both in control medium and after prolonged (>20 min) inwash of tiagabine. After 5-8 min inwash of tiagabine, the IPSC in two of these neurons decayed with a double exponential with one time constant close to the initial 7,10w and the other similar to the final 7s10w. During inwash, the contribution of the slowest current increased progressively, until the initial 7s10w disappeared completely after -20 min. The double-exponential decay seen during inwash presumably reflects that tiagabine does not gain access to all uptake sites simultaneously. The actions of tiagabine on a maximally depressed IPSC were somewhat different from those on a single IPSC. Although tiagabine slowed the decay of IPSCzOOms ( tll, increased by 78.8 t 18.5%, P < 0.01) it was to a much lesser extent than for a single IPSC. The peak current of IPSC200ms also decreased significantly (by 17.7 t 7.7%, P < 0.05, Fig.   7C, I ). Exponential stripping analysis revealed that two mechanisms underlie the slower decay. 7Ts10w was increased by 134 t 37.4% (from 46.7 t 12.9 ms to 101 t 25.6 ms, P< 0.0 1 ), and the I,,, fraction decreased (from 6 1.6 t 20.5% to 25.4 t 5.60/o, P < 0.005). Tfast however, was unchanged (decreased by 4.0 t 2.7%, P > 0.1) . In one of the neurons, the second IPSC decayed monoexponentially at all interpulse intervals in control medium ( crcontrol = 23.2 ms; 7200~~ = 17.1 ms) . During inwash of tiagabine the first IPSC still decayed monoexponentially (after 20 min 7 = 55.6 ms) , whereas a slow current gradually became apparent in the second IPSC (after 20 min Tfast = 17.8 ms, 7s10w = 58.4 ms, the Ifast fraction = 60.6% ). This indicates that, although the two time constants could not be separated in the control situation, 7fast was revealed in the presence of tiagabine.
Because tiagabine caused a decrease in the amplitude of the second IPSC, the maximal paired-pulse depression of I peak was increased (from 24.9 t 3.1% to 34.1 t 3.8%, P < 0.00 1). The depression in tll, also was increased by tiagabine, although not significantly (from 32.7 t 12.6% to 49.2 t 7.8%, P > 0.05).
Benzodiazepine agonist
The benzodiazepine receptor agonist, midazolam, was applied to one neuron that already had been treated with tiagabine. In the presence of midazolam (2pM), Ii,& of a single IPSC more than doubled (increased by 138%) without changing the decay (monoexponentially fitted before and during midazolam with no change in 7s10w, which was -100 ms before and during inwash of midazolam). was increased in both && (by 116%) and tll, (by 35%). The latter was caused by a 138% increase in Tfast (to 50 ms), whereas 7s10w and the Ifast fraction almost were unchanged (decreased by 10% and increased by 13%, respectively ).
DISCUSSION
Paired-pulse depression ofthe IPSC as a function of interpulse interval
When the IPSCs were quantified with respect to the baseline, there was a consistent and highly significant correlation between the changes in Ipeak and tll, after paired-pulse stimulation (Fig. 1 E) . The correlation was present both at an interpulse interval of 25 ms, where there was a signifiCant increase in both Ii,& and tll,, and at 150-250 ms, where the depression in both parameters was maximal.
Space-clamp problems could distort the kinetics of the IPSC and lead to the observed correlation between Ii& and tll,, but several factors speak against this. The GABA, synapses are located mainly proximally on the dendritic shaft or directly on the soma (Alger 199 1; Andersen 1990; Buhl et al. 1994; Sorra and Harris 1993) and the IPSC decays slowly with respect to the membrane time constant. Both of these factors make the IPSC relatively easy to clamp (Spruston et al. 1993) . If the correlation between InpnL and tll, was due to an inadequate space clamp, it also should be seen when the peak was reduced by lowering the stimulation intensity, which was not the case. Furthermore, low stimulation intensity slows the time-to-peak of a single IPSC (Fig.  3) and a lack of correlation between rise time and decay time has been taken to indicate that there is an adequate space clamp (Hestrin et al. 1990 ) although this is not a consistent proof ( Spruston et al. 1993 ) . Finally, inadequate space clamp can not explain why tiagabine selectively affects 7slow whereas midazolam selectively affects Tfast. Even though the &~tive changes in decay seen in each neuron are not caused by space-clamp problems, we can not exclude that the ahsolute values of tl,, and the time constants are affected.
The results from paired-pulse stimulation are not easily compatible with Busch and Sakmann's ( 1990) model for inhibitory synapses. This predicts that the decrease in decay time seen at maximal paired-pulse depression is caused by a greater proportion of single ligand-gated ionophores (Busch and Sakmann 1990). This would require that the second stimulation releases vesicles with a smaller transmitter content than those released by the first stimulation. We regard this as rather unlikely. Another possibility is that the receptors are desensitized by GABA released by the first stimulation and that the average channel opening time of desensitized complexes is shorter. Although no common mechanism for desensitization has been found (Alger 199 1) the time constant of desensitization is several orders of magnitude larger than the interpulse interval where depression is seen (Hablitz 1992; Numann and Wong 1984; Thompson and Gahwiler 1989) . Therefore it does not seem that the model proposed by Busch and Sakmann ( 1990)') which was developed for transmission mediated by release of very few quanta, can account fully for an IPSC evoked by synchronous activation of many synapses or after activation of GABA, autoreceptors.
We therefore have to look to other models for synaptic activation and/or other factors governing the decay of IPSCs. Clues to these are found in the decaying phase of the IPSC.
Dray qfsingle stimulus and paired-pzllse-~~vokcd IPSCs
In more than half of the neurons studied ( 1 1 / 1 S), a single control IPSC decayed monoexponentially whereas the rest decayed double exponentially. The various treatments, however, exposed two time constants in most of the neurons ( 13 / 18 ) . Only in five neurons could all decays under all treatments be fitted monoexponentially and these will be discussed later. In those neurons where some IPSCs decayed double exponentially, the two time constants presumably reflect first-order mechanisms (Busch and Sakmann 1990; Edwards et al. 1990; Macdonald et al. 1989; Pearce 1993) and the various treatments persistently altered the relative contributions of the two currents. Most notably, in the experimental conditions with a decrease in transmitter release (maximal paired-pulse depression and the first IPSC in low [Ca*'],) the Ifast fraction was always larger than in a single IPSC in control medium. On the other hand, the rfast fraction was almost always smaller in IPSC,,,, where IPSC,,, was increased, suggesting that more receptors were active and more GABA present than during a control IPSC. This implies a co nnection betwee n the amou nt of GABA and the current that dominates the decay of stimulusevoked IPSCs.
There are, however, alternative interpretations to be considered. IPSCs with two time constants similar to those reported here have been described previously for CA 1 neurons (Pearce 1993; Pearce and Faucher 1992) . The time constants were ascribed to two anatomically segregated GABA, receptor subtypes: a slow acting subtype located in the distal dendrites and a fast acting subtype located near the soma. As the fast and the slow current could be activated selectively by different placements of the stimulation electrode, the receptors presumably were recruited by two anatomically different populations of interneurons. Although the results in many ways are similar to ours, the conclusions reached (Pearce 1993) can not explain entirely our results. The correlation between Ipeak and tl,, described above was seen in all neurons examined. The stimulation electrode was placed in the area expected to evoke the fast component of the IPSC (Pearce 1993) and the similar ratesof-rise suggest that more or less the same GABAergic terminals are recruited with every (paired) stimulation.
If the slow and fast current were caused by different populations of inhibitory neurons, they would have to respond very differently to paired-pulse stimulation. The neurons causing the fast current would have to show an enormous pairedpulse potentiation, whereas the neurons causing the slow current would have to show a corresponding depression (Fig. 5 F) . To our knowledge, no neurotransmitters acting presynaptically in the hippocampus have been found to increase transmitter release (Thompson et al. 1993 ). Therefore the increase in Ifast after paired-pulse stimulation reported by us and the authors themselves (Pearce and Faucher 1992) is very unlikely to be mediated by presynaptic receptors. Increase in transmitter release after pairedpulse stimulation can result from the accumulation of calcium in the presynaptic terminal (Hess and Kuhnt 1992). The time course of this potentiation is, however, much faster than seen here (Fig. 5 F) and therefore it is not compatible with the results. All in all, we find it more probable that the closely linked increase in Ifast and the decrease in lslow (Fig. 5 F) indicate a common underlying mechanism. Further, as crfast and 7slow behaved very differently in response to paired-pulse stimulation (Fig. 5, C and D) , the two currents may reflect different processes. Clues to this are to be found in the pharmacological sensitivity of the currents.
Tiagahinc and miduzolam
In the presence of the GABA uptake blocker, tiagabine, there was a large increase in decay time, which was apparent from the very peak of the IPSC, the amplitude of which remained unchanged. This indicates that removal of GABA by the uptake system plays a major role in the termination of a single stimulus-evoked IPSC. Although uptake is not thought to contribute to the kinetics of the IPSC after release ofas mall number of vesicl es (B usch a .nd Sakmann 1990 L the synchronous release from many neighboring synapses may create a large "cloud" of GABA in the extrasynaptic space. This could either activate extrasynaptic GABA receptors or receptors in other synapses nearby. It also would decrease the diffusional gradient for GABA and delay its removal from the synaptic cleft, thereby allowing it to reactivate the subsynaptic receptors during the later part of the IPSC ( 1 OO-150 ms). Recent studies of cloned GABA transporters have demonstrated that turn-over rates are rapid enough to influence the time course of GABA-mediated synaptic transmission (Mager et al. 1993) .
The increase in decay time of a single IPSC in the presence of tiagabine was caused by an increase in ~~~~~~ In the second IPSC, 7Ts10W was increased to the same value as seen with a single IPSC, whereas Tfast was not influenced. This indicates that lsiOW reflects the GABA uptake system as ratelimiting for the IPSC, whereas Ifast represents a current that is independent of uptake. Tfast, on the other hand, was selectively increased by midazolam. Midazolam previously has been shown to increase both the peak current and decay time constant of stimulus-evoked IPSCs in cultured hippocampal neurons (Segal and Barker 1984b) and increase 7 for mIPSCs in granule cells (Otis and Mody 1992a) and in CA1 pyramidal cells from hippocampal slices (Gage and Robertson 1985) . Midazolam acts at an allosteric site on the GABA, receptor complex (Goodchild 1993) and causes an increase in the frequency of channel openings, presumably by altering the rate of binding of GABA (Rogers et al. 1994) . On the basis of this, and that Tfast is similar to the mean-open-time for the GABA, ionophore (Segal and Barker 1984a), we suggest that Ifast represents the stochastic closure of GABA, ionophores after a synchronized activation of their receptors. The large increase in the fraction of lfast with paired-pulse depression and the relatively smaller influence of tiagabine on the second IPSC indicates that diminishing transmitter release by activating presynaptic GABA, receptors drastically reduces the importance of the GABA uptake system in shaping the IPSC. A similar difference between IPSCs evoked at high and low transmitter release has been described in hippocampal slice cultures, where spontaneous IPSCs decay monoexponentially (7 similar to our 7fast ) and are insensitive to tiagabine, but prolonged by the benzodiazepine agonist diazepam (Thompson and Gahwiler 1992a) . In the same neurons, stimulus-evoked IPSCs decay monoexponentially with a similar 7 value, but in the presence of tiagabine 7 was greatly prolonged (Thompson and Gahwiler 1992a) .
, is a well-established method of reducing transmitter release (Balestrino et al. 1986; Edwards et al. 1990; Manabe et al. 1993; Melchers et al. 1987; Tong and Jahr 1994) and, as expected, reducing [ Ca2'] , from 2 to 1 mM caused a significant decrease in size of the IPSC. Qualitatively therefore, low [ Ca2+lo mimicked paired-pulse depression, although Ipeak was reduced relatively more and tl,, relatively less than seen with paired-pulse depression. These results are well in accordance with the hypothesis that paired-pulse depression of the IPSC is caused by a decreased transmitter release of GABA.
Monoexponential decavs d
In the five neurons where only single exponential decays could be detected, the changes in 7 as a function of interpulse interval were significantly smaller than the changes in tl,, for the population of neurons that decayed double exponentially (compare Fig. 5, A and B) and the average 7 lay almost exactly between Tfast and crsloW. A possible explanation is that in these neurons, Tfast and 7Ts10W were more similar and therefore could not be separated by exponential stripping. This hypothesis is supported by the one neuron that decayed monoexponentially in control medium, whereas tiagabine unveiled two components in IPSC200ms. Simulation studies show that when the ratio 7slow:7fast is smaller than -5, it becomes increasingly difficult to resolve the exponential components, irrespective of the curve-fitting routine ( Dempster 1993 ) . The average ratio found in this study (4.2) is therefore close to the limit of detection.
The most consistent explanation of the changes in kinetics is that the decay of the IPSC is limited mainly by diffusion and uptake when there is a large amount of transmitter released and mainly by the kinetics of the GABA receptor when the amount of transmitter released is diminished. In terms of kinetic properties, sensitivity to benzodiazepine agonists, and relative lack of sensitivity to tiagabine, the maximal depressed second IPSC has many similarities to spontaneous IPSCs (Collingridge et al. 1984; Otis and Mody 1992a; Thompson and Gahwiler 1992a) . Combining this with the findings that the GABA-uptake system in CA1 is more powerful in the somatic than in the dendritic region (Isaacson et al. 1993 ) could explain the differences in the fraction of rfast reported by Pearce ( 1993) for IPSCs evoked in the two areas. This is further supported by his finding that spontaneous IPSCs always decayed monoexponentially with 7 equal to Tfast (Pearce 1993).
There was a clear correlation between treatments that affected the decay (tiagabine) or the relative contribution of &ioW (low [Ca2+lo) and changes in maximal paired-pulse depression. The increase in paired-pulse depression seen with tiagabine probably even underestimates the decrease in GABA release as the prolonged tail of the first response increases the interaction with the second response (Fig.  7C) . On the other hand, treatments that only affected rfast (midazolam) or had only negligible effect on the decay (low-stimulus intensity) hardly affected maximal pairedpulse depression. Presynaptic GABA, receptors reportedly have a higher affinity for GABA than postsynaptic receptors (Yoon and Rothman 199 1). These findings therefore suggest that presynaptic GABA, receptors are less accessible than postsynaptic GABA, receptors and that they are only activated when larger amounts of GABA are released, allowing it to accumulate in the synapse or the extrasynaptic space. This is well in accordance with the finding that presynaptic GABA, receptors are not activated by spontaneously released GABA (Otis and Mody 1992b).
Possihk mod& fi,v . inhibitor-v svnapticjicnction e w in the intact hippocampus The models presented by Edwards et. al. ( 1990) and Sakmann and Busch ( 1990) predict that not more than one vesicle is released into a single GABAergic synapse, that GABA activates only subsynaptic receptors, and that the rate-limiting step of the IPSC is the time constant of the receptor-ionophore complex. This implies that each synapse is an isolated entity and that release of a single vesicle evokes a quanta1 IPSC in the postsynaptic neuron. Experimental evidence suggests that similar mechanisms also pertain at excitatory synapses (Gulyas et al. 1993; Larkman et al. 199 1; Perkel and Nicoll 1993) . Neither the obvious importance of GABA uptake nor the kinetic difference between a single IPSC and a paired IPSC reported here are compatible with this model. This indicates that the IPSC does not reflect a simple spatial summation of independent quanta1 IPSCs and that other processes are involved after a synchronized release from many synapses. The two major assumptions in the quanta1 IPSC hypothesis are that each synapse is an isolated entity and that each synapse operates in an all-or-none manner. Both of these assumptions recently have been questioned.
IS THE ACTION
OF GABA CONFINED TO THE ACTIVATED SYNAPSE?
Depending on the amount of transmitter released, the barriers to diffusion and the localization and affinity of receptors, the action of GABA is not necessarily limited to the subsynaptic receptors of the activated terminals. There could also be a diffuse action on GABA, and/or GABA, receptors located extrasynaptically or in neighboring synapses. If each synapse activates a unique population of receptors, a quanta1 release would evoke an independent quanta1 response. However, if several active synapses share a population of receptors, then the density of activated junctions and the spread of GABA between them regulates the amount of extrasynaptic activation. Such a synergism between synapses due to a lateral diffusion of transmitter has been described for Mauthner cells (Faber and Korn 1988 ) , and recently a diffuse action of GABA on presynaptic GABA, receptors has been reported (Isaacson et al. 1993) .
Neurotransmitter is released from vesicles that fuse with specializations (active zones) in the presynaptic bouton. Opposite the release site is a postsynaptic specialization ( Babb et al. 1988 ) , where junctional receptors presumably are located. It is generally accepted that only one vesicle is released per active zone (Korn and Faber 199 1) (a quanta1 release) and it is often ex-or implicitly assumed that each synapse contains only one active zone (Isaacson et al. 1993; Otis and Mody 1992b; Pearce 1993) . However, several active zones in each synapse have also been described (Korn and Faber 199 1). If each activates a distinct population of receptors, the response is still all-or-none but it is the junction, and not the synapse, that is the "quanta1 unit". If, on the other hand, the synapse contains several junctions and GABA from one junction can activate others, or if several vesicles are released into the same junction, the synaptic response is not necessarily a linear summation of a number of "quanta1 events". Such multivesicular release recently has been described for excitatory synapses in the hippocampus (Tong and Jahr 1994) and for Mauthner cells (Korn et al. 1993 In the control situation, 4 synapses each with 2 active sites are completely activated (release probability 1 .O). C, 2: in low [ Ca2+],, the transmitter release is reduced to 50% by an equal reduction in probability at all active sites to 0.5, giving a distribution of 1 synapse completely failing, 1 maximally activated, and 2 half activated. C, 3: paired-pulse depression acts specifically on 1 active site in each synapse, and although the overall release is reduced to 50%, there is a uniform distribution and all synapses are half activated.
(See text for more details).
synapt ing we ic m .odels can be constructed (Fig. 8) . In the followwill discu ss our results in relation to these models. The experiments with paired-pulse stimulation clearly demonstrate that a partly different population of receptors is recruited by the first and the second stimulation and that extrasynaptic GABA, or GABA, receptors are activated. In most neurons, the decay of a single IPSC is limited by uptake. In control medium, however, an IPSC evoked at 60-150 ms on the tail of the first IPSC ( Fig. 2 ) , decays faster due to a significantly larger fraction of rfast ( Fig. 5, E and F) . This can not be explained if the action of GABA is confined to the synapse (Fig. 8, A,  I , and B, 1) and the same population of synapses is activated by the two stimulations as release of more GABA into the synapse would increase the concentration of GABA, without affecting the size of the Ifast fraction. Therefore either the larger amount of GABA released by the first stimulation must activate extrasynaptic GABA, receptors (Fig. 8 . .4,2, and B, 2), which are not within range of the smaller amount of transmitter released by the second stimulation, or different synapses are activated by the two stimulations (Fig. 8, all models) . If the second stimulation activates a different population of synapses and no extrasynaptic GABA, receptor-activation occurs (Fig. 8, A, I , and B, I ), the presynaptic GABA, receptors in these synapses must have been activated by GABA released by the first stimulation. Otherwise, the responses evoked by the second stimulation should mimic the first. In the case of Fig. 8, B, I , a reduction in release probability-contrary to A, 1, which operates in an all-or-none manner-would decrease the average amount of GABA released into the activated synapse. This would reduce the possibility for receptor reactivation and the decay would therefore be faster. Because Ifast represents ionophores that are activated only initially and Islow represents reactivation of GABA-receptors (Fig. 8 , A, l-B, 2) and/or recruitment of extrajunctional receptors (Fig. 8 , A, 2, and B, 2), a process that favors Ifast (paired-pulse stimulation and low [ Ca2'],) must decrease the transmitter release at an anatomic level that affects the distribution of GABA relative to the receptors. Lowering stimulation intensity, which activates fewer synapses without affecting the decay in those that are activated, does not interact with the synapses at this level. This is well in accordance with the multivesicular release hypothesis. Again, the finding can not be explained by Fig. 8, A, I , and in the case of Fig. 8, A, 2 , the synapses that are activated by low stimulation intensity must be colocated in discrete patches (e.g., all of the synapses in Fig. 8 , '4, 2, and B, 2). so that the density of active synapses remains more or less the same irrespective of stimulus intensity in the range examined. Although not very likely, this is not impossible. At least some axons in str. radiatum form multiple synapses with CA1 pyramidal cells (Sorra and Harris 1993) and terminals from inhibitory interneurons may be located closely together (Buhl et al. 1994; Korn and Faber 1991 Vesicular release is caused by highly localized increases in gc,2+ near the active zones (Sihra and Nichols 1993). Lowering [Ca2'], will reduce indiscriminately the currents through all Ca2' channels and therefore reduce the probability of release equally at all active zones. That paired-pulse stimulation increases the Ifast fraction more than low [ Ca2+], reveals that activation of presynaptic GABA, receptors acts more specifically than to cause a general reduction in release probability. This can not be reconciled with single quantum release (Fig. 8, A, I and 2). Activation of presynaptic GABA, receptors most likely interferes with the Ca2+currents very locally and. in the case of multiquantal release (Fig. 8, B, 1 and 2) this would diminish the probability for release at some active sites more than others. This would reduce the proportion of multiple versus single quanta1 releases to a greater extent than occurs when [ Ca2+] , is reduced (Fig. 8C ). In accordance with this hypothesis, recent studies have shown that a much higher concentration of the GABA, receptor agonist, baclofen, is required to reduce the frequency of spontaneous IPSCs than to inhibit stimulus-evoked release (Otis and Mody 1992a). The change in Tfast between two discrete values, fast when there was a maximal reduction in transmitter release and slower at other interpulse intervals (Fig. 5 D) , may reflect a change in the balance between the single-and doubleligand activated GABA receptors (Busch and Sakmann 1990; Faber and Korn 1988; Macdonald et al. 1989) . This would indicate a smaller transmitter concentration in the synaptic cleft immediately after release and can be explained only if there are multiple active sites in the synapse (Fig. 8, B, I and 2).
Concluding remarks
In summary, we consider it quite likely that release of GABA in the synapse after a single stimulation is multiquantal. Because synaptic GABA, receptors are reactivated and/or extrasynaptic receptors are recruited, the IPSC is terminated by uptake, , When th e transmitter release is reduced by activation of presynaptic GABA, receptors (possibly to the level of a single quantum), the action of GABA is terminated very quickly and the decay of the IPSC is dominated by the time constant of the receptors. Presynaptic GABA, receptors appear to be less accessible to synaptically released GABA than junctional GABA, receptors. However, because of their higher affinity, GABA, receptors are activated widely by a diffuse distribution of GABA after a large (multiquantal) release. This model combines a highly localized postsynaptic action of GABA with a feedback mechanism that is both temporal and spatial.
Our results further suggests that the exact anatomic structure of the synapse and its surroundings are very important in determining the effects of GABA release. It therefore remains an open question whether conclusions drawn from dissociated cultured neurons, where the synapses are probably sparse an d relatively naked, can be ex tended to intact preparations, where the synapses are dense and surro unded by glia cells.
